Abnormal polypeptides that escape proteasome-dependent degradation and aggregate in cytosol can be transported via microtubules to an aggresome, a recently discovered organelle where aggregated proteins are stored or degraded by autophagy. We used synphilin 1, a protein implicated in Parkinson disease, as a model to study mechanisms of aggresome formation. When expressed in naïve HEK293 cells, synphilin 1 forms multiple small highly mobile aggregates. However, proteasome or Hsp90 inhibition rapidly triggered their translocation into the aggresome, and surprisingly, this response was independent on the expression level of synphilin 1. Therefore, aggresome formation, but not aggregation of synphilin 1, represents a special cellular response to a failure of the proteasome/chaperone machinery. Importantly, translocation to aggresomes required a special aggresome-targeting signal within the sequence of synphilin 1, an ankyrin-like repeat domain. On the other hand, formation of multiple small aggregates required an entirely different segment within synphilin 1, indicating that aggregation and aggresome formation determinants can be separated genetically. Furthermore, substitution of the ankyrin-like repeat in synphilin 1 with an aggresome-targeting signal from huntingtin was sufficient for aggresome formation upon inhibition of the proteasome. Analogously, attachment of the ankyrin-like repeat to a huntingtin fragment lacking its aggresome-targeting signal promoted its transport to aggresomes. These findings indicate the existence of transferable signals that target aggregation-prone polypeptides to aggresomes.
Molecular chaperones and the ubiquitin-proteasome system (UPS) 2 play an important role in handling soluble abnormal polypeptides that could arise as a result of misfolding, damage, or mutations (1). However, under certain conditions these systems fail to repair or destroy abnormal species, leading to formation of small cytoplasmic aggregates. These aggregates can cause cell toxicity leading to various pathologies, including major neurodegenerative disorders (2) . Recently, it was discovered that special machinery has evolved in cells that transport small protein aggregates in a microtubules-dependent manner to the centrosome, forming an organelle called aggresome (3) (4) (5) . The aggresome serves as a storage compartment for protein aggregates and could be actively involved in their refolding and degradation. In fact, major chaperones, like Hsp70 or Hsp27, and components of UPS are recruited to aggresome (6) . Furthermore, recently it was demonstrated that autophagic clearance of protein aggregates also associates with aggresome (7) .
There is a notion in the field that aggresome represents a protective cellular response to a buildup of aggregating abnormal polypeptides under the conditions when chaperones and UPS machineries fail to handle abnormal species (8, 9) . Indeed, it was reported that there is a close correlation between aggresome formation and cell survival (10) . Furthermore, toxicity of abnormal proteins is strongly enhanced by inhibition of the microtubules-dependent transport, which is required for aggresome formation (5) . In line with this concept, aggresomes are usually seen in mammalian cells after inhibition of the proteasome (11) (12) (13) .
Beside aggresome formation, other protein aggregation pathways also appear to exist in mammalian cells. For example, mutant glial fibrillary acidic protein (GFAP) expressed in cells seems to be unable to form aggresomes and usually forms small multiple aggregates all around the cytoplasm (14) . Therefore, to understand the aggresome response, it is critical to use clear mechanistic criteria of aggresomes, including the microtubule dependence of its formation and co-localization with the centrosome.
Recently, a number of factors were implicated in aggresome formation. For example, a microtubule-associated histone deacetylase HDAC6 was shown to interact with aggregates of ubiquitinated proteins via its ubiquitin binding BUZ domain and facilitate their association with the dynein motor protein that drives this cargo to the aggresome (15) . Other ubiquitinbinding proteins like PLIC or ataxin 3 play a role in aggresome targeting of several abnormal proteins (16 -18) . These findings suggest a close connection between ubiquitination of abnormal polypeptides and their accumulation in the aggresome. A possible model is that factors with ubiquitin binding domains recognize small aggregates of ubiquitinated abnormal proteins and facilitate their association with dynein, which in turn promotes their transport to the centrosome. However, at present it is not clear whether ubiquitination of abnormal proteins is an essential prerequisite of aggresome formation. In fact, it was demonstrated that aggresome formation by a model polypeptide 250-GFP does not involve ubiquitination (19) .
Although several factors were implicated in the aggresome formation, basic molecular mechanisms of this process are poorly understood. One of the problems is that in many studies of protein aggregation no clear distinction is made between aggresome and other types of aggregates. For example, a p62/ sequestosome protein that binds a non-canonical K63 ubiquitin chain was reported to play a role in aggregation of several substrates (20, 21) , but it remains unclear how this aggregation relates to the aggresome formation. In other words, it is not apparent whether the aggregate is formed in the centrosome and in a microtubules-dependent fashion. These clear criteria distinguishing an aggresome from other types of inclusion bodies are essential from the mechanistic point of view.
A hallmark of Parkinson disease is the appearance of protein aggregates called Lewy bodies in affected dopaminergic neurons. Lewy bodies have a lot of similarities with aggresomes and probably represent the same paradigm (22, 23) . The major component of Lewy bodies is ␣-synuclein (24, 25) . It has been demonstrated that the recently discovered synphilin 1 associates with ␣-synuclein and is necessary for its targeting to Lewy body-like protein aggregates in cell culture (26) . Another player in formation of Lewy bodies appears to be the ubiquitin ligase, parkin (6) , which is also implicated in certain juvenile forms of Parkinson disease (27) . In fact, in parkinsonism caused by defects in parkin, no Lewy bodies could be formed despite severe symptoms. In cell culture it was demonstrated that parkin can ubiquitinate synphilin 1 in an unusual manner, forming a K63 ubiquitin chain, which promotes aggregation of synphilin 1 (21, 28) . However, distinction between aggresome and other aggregates has not been done in that work.
Recently, we established a yeast model to study the mechanisms of aggresome formation and identified several novel cellular components of the aggresome machinery, including the 14-3-3 protein Bmh1, the chaperone Cdc48 (VCP/p97), and its cofactors Ufd1 and Nlp4. An important mechanistic insight into the aggresome machinery was the discovery that aggresome targeting of an aggregation-prone huntingtin fragment with expanded polyglutamine (polyQ) domain is strongly facilitated by the proline-rich region of this protein, which serves as a special aggresome-targeting signal. 3 This was the first report where the aggregation domain in a polypeptide (expanded polyQ) could be dissected from the aggresome-targeting signal (proline-rich domain, P-region). Furthermore, in co-expression experiments we demonstrated that a soluble protein consisting of short polyQ and the P-region (25QP) upon forming mixed aggregates with a long polyQ polypeptide lacking the P-region (103Q) can dramatically increase aggresome targeting. Therefore, a novel paradigm has emerged from this study that special transferable aggresome-targeting signals in substrate proteins could be necessary for aggresome formation.
Here, we addressed whether this paradigm has a general significance by investigating the aggresome-targeting signal in synphilin 1. In the course of this study, we demonstrate that aggresome formation is a special response to proteasome inhibition, which also can be triggered by Hsp90 inhibitors.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-MG132, Radicicol, nocodazole, 17-allylamino-17-demethoxy geldanamycin (17-AAG), and tunicamycin were purchased from Biomol (Plymouth Meeting, PA), actinomycin D was from Invitrogen, and emetine was from Sigma, UBEI-41 was from BioGenova (Ellicott City, MD). Antibodies against HSP72 and HSF1 were purchased from Stressgen (Victoria British Columbia, Canada), against GFP (rabbit) was from Clontech (Palo Alto, CA), and against ␥-tubulin was from Santa Cruz Biotechnology (Santa Cruz, CA).
Constructs-pEGFPN1 plasmid with cloned human synphilin 1 was a gift of Dr. Mark Cookson (NIA, National Institutes of Health). For expression in the retroviral system, the gene of C-terminal-tagged synphilin 1 was subcloned into pCXbsr vector, a gift of Dr. T. Akagi (Osaka Bioscience Institute, Japan). Deletion derivates of synphilin 1 were obtained by subcloning of the PCR-generated truncated sequences into pEGFPN1. The construct ANK1-CC-ANK2-CT encompasses 349 -919 amino acids, ANK1-CC-ANK2 encompasses 349 -729 amino acids, ANK1-CC encompasses 349 -561 amino acids, CC-ANK2-CT encompasses 505-919 amino acids, NT-ANK1 encompasses 1-505 amino acids, ANK2-CT encompasses 561-919 amino acids, and CT encompasses 729 -919 amino acids.
The GFP-tagged constructs 103Q and 25QP were described previously (29) . To construct 25QP-CC-ANK2, 25Q-CC-ANK2, and P-CC-ANK2, we subcloned upstream of CC-ANK2 PCR-generated (using 25QP as a template) sequences encompassing either full huntingtin exon1 (with 25 glutamine residues) or the stretch upstream the proline-rich domain or only the proline-rich domain, respectively. ANK1-CC-103Q was constructed by subcloning of the PCR-generated sequence encoding ANK1-CC upstream of 103Q. To construct Ub-GV-GFP, we subcloned a PCR-generated ubiquitin with G76V substitution into the pQCXIP (Clontech) retroviral vector. The retroviral system expressing si-HSF1 was described previously (30) .
Cells Cultures, Transfection, Infection, and Treatments-HEK293 (human embryonic kidney) cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS (fetal bovine serum) and MCF10A (human breast epithelial) cells in Dulbecco's modified Eagle's medium/F-12 50/50 medium supplemented with 5% horse serum, 10 g/ml insulin, 20 ng/ml epidermal growth factor, 100 ng/ml cholera toxin, 0.5 mg/ml hydrocortisone, both supplemented with L-glutamine at 37°C in an atmosphere of 5% CO 2 . Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) according to the manufacture's instructions.
For production of retroviruses, HEK293T cells were co-transfected with a retroviral plasmid and the helper plasmids expressing retroviral proteins Gag-Pol, G vesicular stamatitis virus glygoprotein (VSVG pseudotype). Supernatants containing retrovirus were collected 48 h after transfection. HEK293 and MCF10A cells were infected overnight with supernatant in the presence of 10 g/ml Polybrene, and selection with blasticidin was started 48 h after infection.
Routinely, a treatment of transfected cells started 24 h after transfection. Unless specified otherwise, incubations with MG132 and/or nocodazole were done for 6 h, and the concentration of either inhibitor was kept at 5 M.
Cell Lysis and Analysis-Cells were lysed with lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 5 mM phenylmethylsulfonyl fluoride) and a protease inhibitor tablet (Roche Applied Science). Samples were adjusted to have equal concentrations of total protein and subjected to SDS-PAGE electrophoresis followed by immunoblotting. For the differential centrifugation analysis, the lysates were centrifuged at 13,000 ϫ g for 30 min at 4°C. The pellets were resuspended in the loading buffer with 2% SDS in volumes equal to those of the supernatant.
Immunostaining-Cells were briefly washed with phosphatebuffered saline, permeabilized for 2 min with 0.1% Triton X-100, fixed in 1:1 mixture of acetone-ethanol for 10 min at Ϫ20°C, and washed. The fixed cells were stained with mouse anti-␥-tubulin antibody (1:250) for 1 h at room temperature, washed, and stained for 1 h at room temperature with the secondary antibody with Alexa Fluor 594 donkey anti-mouse IgG (1:500) (Molecular Probes). Stained cells were analyzed by fluorescent microscopy.
Microscopy and Aggregates Counting-Fluorescent microscopy was performed at room temperature with an Axiovert 200 (Carl Zeiss, Germany) microscope using ϫ40 or ϫ100 objectives and the manufacturer's AxioVision 4 software. Synph-GFP and other GFP-tagged polypeptides were observed through the fluorescein isothiocyanate channel. To assess the fraction of cells with either aggresomes or multiple aggregates, the cells with the respective morphology as well as all fluorescent cells were blindly counted in 10 randomly chosen fields to have more than 250 cells in total. Each experiment was repeated three times to assure reproducibility of the results.
RESULTS

Aggregation and Aggresome Formation by Synphilin 1-Ac-
cording to previously established mechanism-based criteria (3), the aggresome is a large centrosome-localized conglomerate of protein aggregates formed in a microtubule-dependent manner. Here, to investigate mechanisms of aggresome formation, we used synphilin 1 as a model substrate.
Synphilin 1 tagged with the green fluorescent protein GFP (synph-GFP) was transiently expressed in HEK293 cells. 24 h after transfection, about 50% of transfected cells formed multiple small aggregates (Fig. 1A) , whereas in the rest of the cells synph-GFP remained soluble. Differential centrifugation confirmed that a fraction of synph-GFP forms Triton X-100-resistant aggregates (Fig. 1B) . Using time-lapse microscopy, we observed that the aggregates were highly mobile (supplemental movie Fig. S1 ). Their mobility was apparently stochastic, and sometimes events of fusion of aggregates or breaking apart were detectable (see the movie, Fig. S1 ). The movement of the small synph-GFP aggregates was insensitive to microtubule poisons nocodazole or benomyl and never led to formation of a single body co-localized with the centrosome (Fig. 1C, upper panel) .
Very importantly, inhibition of proteasome led to a dramatic change in the aggregation pattern of synph-GFP. Indeed, incubation with 5 M proteasome inhibitor MG132 for 6 h led to disappearance of multiple small aggregates and formation of a single large synph-GFP aggregate in the perinuclear region (Fig.  1A) . Noteworthy, the effect of MG132 was seen at concentrations as low as 0.5 M. A similar effect was seen upon incubation of cells with another proteasome inhibitor, Velcade (not shown). Interestingly, with certain other cell lines, e.g. MCF10A (see below), aggresomes appeared within only 2 h upon the addition of a proteasome inhibitor. Of note, GFP alone expressed from the same vector showed diffused pattern, and MG132 didn't cause its aggregation (Fig. S2) .
Immunostaining with an antibody against a centrosome component, ␥-tubulin, demonstrated that the single large aggregate of synph-GFP co-localized with the centrosome (Fig.  1C, lower panel) , whereas aggregates in untreated cells did not show co-localization (Fig. 1C, upper panel) . Moreover, formation of this aggregate was blocked by the microtubule poisons nocodazole or benomyl, resulting in accumulation of multiple aggregates (Fig. 1, A and D) . Therefore, the single synph-GFP aggregate formed in the presence of proteasome inhibitors represented bona fide aggresome. These data clearly indicate that inhibition of the proteasome leads to the switch of the aggregation patterns of synph-GFP from multiple small aggregates to aggresomes.
The emergence of multiple aggregates was dependent on the cellular levels of synph-GFP (in contrast to aggresome formation, which was independent on the levels of synph-GFP, as discussed below). Indeed, in cells with low levels of synph-GFP (e.g. achieved by retrovirus-based expression) multiple aggregates were formed only in a minor fraction of the population (less than 5%, compared with almost 50% at higher expression levels), whereas in the rest of the cells synph-GFP remained soluble. To understand the relations between multiple aggregates and aggresome, we monitored the kinetics of aggresome formation after the addition of MG132 to cells expressing low levels of synph-GFP. After 2 h of incubation with the proteasome inhibitor, we observed an increase in the fraction of cells with multiple aggregates and appearance of rare cells with aggresomes (Fig. 1D) . By the end of the fourth hour, the fraction of cells with multiple aggregates dropped to almost zero, whereas the fraction of cells with aggresomes increased dramatically. Therefore, it appears that multiple aggregates represent an intermediate step in aggresome formation which can proceed further only upon inhibition of the proteasome.
A possible mechanism for the effect of proteasome inhibitors on aggresome formation would be that MG132 stabilizes synph-GFP, leading to its accumulation and stronger aggregation. However, incubation with MG132 for 6 h caused little increase in their levels ( Fig. 2A) , although efficient aggresome formation was observed at this time. Of note, overexposure of this immunoblot (to allow detection of minor bands) did not reveal any forms of synphilin 1 with molecular weights higher than the major form (Fig. S3) , which indicated that little, if any, ubiquitination of synphilin 1 occurs in this system. To carefully assess whether aggresome formation by synph-GFP depends on its cellular levels, we titrated down the amounts of the synph-GFP-encoding plasmid used in transfection of HEK293 cells, which resulted in the wide range (over 20-fold difference) of synph-GFP expression levels (Fig. 2B) . In none of these samples were the aggresomes seen without treatment with the proteasome inhibitor, whereas incubation with MG132 led to robust aggresome formation in all the samples (Fig. 2B) . Moreover, expression of this construct placed in a retroviral system resulted in dramatically lower levels of synph-GFP (see bellow), making them undetectable by immunoblotting, but upon treatment with MG132 we observed a strong aggresome formation (Fig. 2B , the lower synph-GFP level point). Therefore, triggering of aggresome formation by inhibition of proteasome is unrelated to the increase in expression levels of synph-GFP.
Does suppression of the UPS by inhibiting ubiquitination similarly triggers aggresome formation? To address this question, we utilized a recently developed inhibitor of the ubiquitinactivating enzyme E1, UBEI-41, that blocks proteasomedependent degradation (31) . Overnight incubation with 20 M UBEI-41 of HEK293 cells expressing the short-lived reporter polypeptide Ub-GV-GFP led to a strong stabilization and accumulation of this polypeptide, as was seen with MG132 ( Fig. 2C) . Similarly, UBEI-41 stabilized short-lived synph-GFP deletion constructs used in experiments described in Table 1 (not shown). However, in contrast to incubation with MG132, no changes in aggregation pattern of synph-GFP were detected upon incubation with UBEI-41, and this polypeptide remained in multiple aggregates (Fig. 2D) . It is noteworthy that adding MG132 even after the overnight incubation with UBEI-41 and incubation with both agents for an additional 6 h led to efficient aggresome formation (Fig. 2D) , suggesting that aggresome formation is specifically triggered by proteasome inhibition.
Inhibition of Hsp90 Also Triggers the Aggresome ResponseInhibition of proteasome induces transcription of a number of genes, including the heat shock protein genes (32) . Therefore, we hypothesized that activation of the aggresome formation could be a part of the heat shock response. To address this possibility, we tested whether other activators of the heat shock response, like elevated temperature or inhibitors of Hsp90, can trigger formation of aggresomes by synph-GFP. In these experiments, we utilized MCF10A cells that expressed synph-GFP in a retroviral system, which accounted for very low levels of this polypeptide. Under these conditions, synph-GFP did not form detectable multiple aggregates, greatly enhancing the sensitivity of detection of the aggresomes. Of note, untreated MCF10A cells did not show aggresomes, whereas the addition of MG132 or Velcade led to formation of aggresomes in almost 100% of cells within 2 h in a nocodazole-sensitive manner (Fig. 3A) .
Heat treatment (43°C for 30 min) did not affect the aggregation pattern of synph-GFP, and no aggresomes were seen up to 12 h post-heat shock (not shown) when a robust accumulation of Hsp72 was observed. However, an Hsp90 inhibitor, Radicicol, triggered formation of aggresomes (Fig. 3A) . Furthermore, a similar effect was seen with a distinct Hsp90 inhibitor 17-AAG (Fig. 3A) . Of note, although Radicicol triggered formation of aggresomes in almost the entire cell population, these aggresome were smaller, and fluorescence of soluble synph-GFP remained higher than those triggered by MG132 (Fig. 3A) .
Because both proteasome and Hsp90 inhibitors triggered aggresomes, we suggested that a common signaling event initiated by these treatments activates the aggresome response. Interestingly, many signaling pathways activated by inhibitors of the proteasome are actually blocked by inhibitors of Hsp90 (e.g. extracellular signal-regulated kinase pathway), and to our knowledge only the heat shock response and the endoplasmic reticulum stress response (UPR) can be activated by both (33) . To test for the role of the UPR in triggering aggresome formation, we simply incubated synph-GFP-expressing cells with a distinct activator of the UPR, tunicamycin, and did not observe any aggresome formation (not shown), strongly suggesting that activation of UPR is not sufficient for the effects of MG132 and Radicicol.
Although heat shock at 43°C for 30 min also did not trigger formation of aggresomes, this fact did not rule out the role of the heat shock response in aggresome formation, since heat treatment could cause denaturation of synph-GFP, thus preventing it from progressing through the aggresome pathway. To deplete HSF1, cells were co-infected with si-HSF1 retrovirus. The arrows show aggresomes. B, the level of HSF1 in the MCF10A cells co-infected with synph-GFP and si-HSF1 retroviruses (seen on Fig. 3A ) was assayed by immunoblotting. C, levels of Hsp72 in the MCF10A cells infected with si-HSF1 or control retrovirus after incubation with MG132. Therefore, we decided to further test for the role of activation of the heat shock response in triggering aggresome formation by testing whether this process could be suppressed by depletion of the heat shock transcription factor Hsf1. Accordingly, Hsf1 was depleted from MCF10A cells expressing synph-GFP using Hsf1 short hairpin RNA delivered on a retrovirus. Depletion of Hsf1 (Fig. 3B ) almost completely prevented induction of the heat shock protein Hsp72 in response to MG132 (Fig. 3C ), but formation of aggresomes in response to the proteasome inhibitor was not affected (Fig. 3A) . Therefore, the heat shock response is not relevant to the aggresome response. Because inhibition of the proteasome and Hsp90 induces a number of genes, we tested whether triggering aggresome formation by MG132 and/or Radicicol involves transcriptional response. Therefore, an inhibitor of transcription, actinomycin D, was added to MCF10A cells expressing synph-GFP simultaneously with MG132 or Radicicol. Actinomycin D completely blocked transcriptional activation of Hsp72 by either MG132 or heat shock (Fig. S4 ), but it did not inhibit aggresome formation (Fig. 3A) , indicating that the aggresome response does not involve activation of transcription. On the other hand, inhibitor of translation emetin completely prevented aggresome formation triggered by either MG132 or Radicicol (Fig. 3A) . Therefore, protein synthesis, but not RNA synthesis, is essential for the aggresome response, suggesting involvement of a shortlived protein regulator in the aggresome response.
Aggresome-targeting and Aggregation-promoting Domains in Synphilin 1-To further investigate the process of aggresome targeting, we sought to identify in synphilin 1 the domains responsible for this process. Accordingly, a series of deletion mutants of synph-GFP were constructed (Fig. 4A) . Of note, various constructs accumulated at different levels in naïve cells because some of the deletions destabilized the polypeptides. However, upon incubation with MG132, the levels of the unstable polypeptides increased, and we were able to assess aggregation patterns of various synphilin 1 derivates accumulated at similar levels (Fig. 4B) .
Our main focus was on the central region of synphilin 1 that has several domains, including ankyrin-like repeat domain ANK1 and coiled-coil domain CC followed by another ankyrinlike repeat ANK2 (Fig. 4A, full-length) . HEK293 cells were transiently transfected with plasmids encoding either of these constructs, and aggregation patterns in the absence and presence of MG132 were monitored. Deletion of the N-terminal region that precedes ANK1 (construct ANK1-CC-ANK2-CT, see Fig. 4A ) did not change either formation of multiple aggregates or triggering the aggresome formation by MG132, indicating that this region does not affect aggregation properties of synphilin 1 ( Table 1) . Deletion of both the N-terminal domain and the C-terminal region downstream of ANK2 (construct ANK1-CC-ANK2, Fig. 4A ) similarly did not change the aggregation response, although a fraction of naïve cells with multiple aggregates was slightly reduced (Table 1, Fig. 4C ), possibly because of its reduced stability. Therefore, the central region of synphilin 1 defines both the formation of multiple aggregates in naïve cells and formation of aggresome after incubation with proteasome inhibitors.
Within the central region, ANK1 domain appears to be the aggresome-targeting signal (the ANK1 sequence is shown in Fig. S5 ). Indeed, deletion of ANK1 domain (construct CC-ANK2-CT, Fig. 4A ) led to a dramatic change in the aggregation properties of the polypeptide. Small mobile aggregates were still formed in the naïve cells, although their numbers were reduced, but no aggresome triggering was seen upon treatment with proteasome inhibitor (Fig. 4C and Table 1 ). Therefore, a domain(s) responsible for the formation of small aggregates (aggregation domain) is distinct from the aggresome-targeting signal and is located downstream of ANK1.
Indeed, further deletion of either the CC domain (construct ANK2-CT, Fig. 4A ) or the ANK2 domain (construct ANK1-CC, Fig. 4A ) prevented formation of multiple aggregates (Table 1 , Fig. 4C ), indicating that ANK2 together with the CC domain constitute the aggregation-promoting region of synphilin 1. Importantly, the addition of MG132 increased the levels of these constructs to the level of the full-length synph-GFP, but even under these conditions no multiple aggregates were formed (Fig. 4C) . Interestingly, incubation with MG132 of cells expressing either ANK1-CC or NT-ANK1, lacking either a part or the entire aggregation signal, respectively, led to formation of aggresomes in a small fraction (about 10%) of the cells (Table 1) . Therefore, even without the aggregation, signal synphilin 1 derivatives can form aggresomes albeit with very low efficiency, which probably reflects a low efficiency aggregation in the absence of the CC-ANK2 domain.
Overall, the deletion analysis indicates that ANK1 domain is necessary and sufficient for aggresome targeting, whereas both CC and ANK2 domains are necessary, and their combination is sufficient for formation of multiple aggregates. In other words, ANK1 represents the aggresome-targeting signal, whereas CC-ANK2 represents the aggregation-promoting segment.
Aggresome Targeting Signals Can Work with Heterologous Polypeptides-Furthermore, we addressed the question of whether the aggresome-targeting signal is transferable and can target to aggresome-unrelated polypeptides. Our prior research indicated that the N-terminal part of huntingtin can serve in aggresome targeting in yeast. 3 An important component of this targeting is the proline-rich region (P-region), which follows immediately the polyQ domain of huntingtin, although low levels of aggresome targeting could be achieved even without the P-region. Another important component of the signal was the N17 domain that precedes the polyQ domain, 3 indicating a complex nature of the aggresometargeting signal.
Here we tested if the ANK1 domain of synphilin 1 can substitute this endogenous huntingtin aggresome-targeting signal to provide aggresome formation by a polypeptide with expanded polyglutamine but lacking the P-region (103Q) (29) . In 5-10% of transfected HEK293 cells 103Q formed a single dense inclusion body, which differed from aggresome, as its formation was independent of microtubules (Fig. 5C ). Upon incubation of cells with 5 M MG132 for 16 h, aggregation of 103Q was enhanced, but under these conditions this polypeptide formed mostly multiple aggregates and could not form aggresomes (Fig. 5C ) due the lack of the aggresome-promoting P-region. Accordingly, we constructed a fusion polypeptide ANK1Ϫ103Q (Fig. 5A ) and monitored its aggregation properties. As mentioned above, the ANK1 construct lacks the aggregation domain and does not aggregate. Interestingly, the ANK1 domain completely suppressed formation of the non-aggresome inclusion bodies by 103Q (Fig. 5, B and C) . Incubation with MG132 led to formation of single large aggregate in about 45% of cells (Fig. 5, B and C) . These single aggregates represented aggresome, as the addition of nocodazole suppressed their formation, and instead, multiple aggregates were seen (Fig. 5C) . Therefore, ANK1 domain of synphilin 1 can provide aggresome targeting of the aggregation-prone 103Q.
In a parallel experiment, in addition to ANK1 domain we also introduced C domain, a part of the aggregate-forming region of synphilin 1. Similarly to ANK1, ANK1-CC suppressed formation of the non-aggresome inclusion bodies by 103Q. However, with additional CC domain, multiple aggregates were seen in about 45% of naïve cells (Fig. 5, B and C) , supporting the role of CC domain in formation of small aggregates. Incubation with the proteasome inhibitor caused formation of the nocodazolesensitive aggresome in about 18% of transfected cells (Fig. 4 , B and C). Therefore, ANK1 domain of synphilin 1 can provide aggresome targeting of the aggregation-prone 103Q polypeptide, whereas CC domain facilitates formation of multiple small aggregates in this heterologous system.
Next we hypothesized that, likewise, the aggresome targeting of the synphilin 1 derivatives lacking endogenous aggresometargeting signal can be promoted by the signal from huntingtin. As an aggresome-targeting signal, we used 25QP that represents the N-terminal part of normal huntingtin, with a polyQ domain not long enough to make the polypeptide aggregation prone. On the other hand, 25QP contains the P-regions, and as we demonstrated in yeast, can provide the aggresome targeting signal for 103Q in trans.
3 Accordingly, we constructed a hybrid polypeptide that contains 25QP and the aggregation-promoting segment of synphilin 1 (25QP-CC-ANK2-CT, Fig. 5A ). As with the CC-ANK2-CT construct (Fig. 5D) , the hybrid polypeptide formed multiple aggregates in naïve cells (Fig. 5D) . Importantly, in contrast to CC-ANK2-CT, incubation with proteasome inhibitors led to formation of 25QP-CC-ANK2-CT aggresomes in about 75% of cells with aggregates (Fig. 5, D and E). Therefore, 25QP is able to provide the aggresome targeting signal for the aggregation domain of synphilin 1. It is noteworthy that the aggresome targeting of the related hybrid polypeptide lacking the P-region (25Q-CC-ANK2-CT, Fig. 5A ) was less efficient. With this construct, aggresomes were seen in 55% of cells with aggregates, whereas in the rest of these cells multiple aggregates were seen (Fig. 5E) . Therefore, as with huntingtin, the P-region appears to facilitate aggresome targeting of the synphilin 1 fragment. On the other hand, the P-region alone was insufficient for the aggresome targeting, as a hybrid construct P-CC-ANK2-CT (Fig. 5A) could not form aggresomes upon incubation with MG132 (not shown). These experiments indicate that the aggregation-prone fragment of synphilin 1 can be targeted to aggresomes by the heterologous aggresome-targeting signal of huntingtin. Overall, these data indicate that (a) inhibition of proteasome triggers aggresome formation, and (b) aggresome formation requires special transferable aggresome targeting signals in substrate polypeptides.
DISCUSSION
Much evidence has accumulated to indicate that the aggresome in eukaryotic cells represents a special protective response to proteotoxic stresses. Accordingly, the aggresome is fundamentally different from other types of protein aggregates, some of which cause cellular toxicity. To understand the formation of aggresomes, it is critical to define this process using mechanism-based criteria, which include the microtubules-dependent formation and localization at the centrosome site. These criteria were essential for understanding relations between different modes of aggregation of synphilin 1.
Here we demonstrate that synphilin 1 has two modes of aggregation, multiple small mobile aggregates and aggresomes, and the switch between these aggregation modes is triggered by inhibition of the proteasome. Indeed, in naïve cells mostly multiple aggregates were seen, whereas in the presence of the proteasome inhibitor MG132 synphilin 1 formed aggresomes. Surprisingly, this switch was unrelated to the expression levels of synphilin 1, since proteasome inhibitors triggered aggresome formation in cells within a wide range of expression levels (Fig.  2B ). Interestingly, with the majority of model substrates, like CFTR (cystic fibrosis transmembrane conductance regulator) or presenilin 1, aggresome formation in cell cultures required incubation with proteasome inhibitors (11, 13) . Substrates that appeared to form an aggresome-like structure associated with the centrosome without treatment with proteasome inhibitors were polyglutamine-containing polypeptides (34, 35) . However, as we demonstrated recently, the single centrosome-associated aggregate formed by polyQ in the absence of proteasome inhibitors is not a true aggresome since its formation does not involve microtubules-dependent transport, and thus, mechanisms of targeting of polyQ to this aggregate are fundamentally different. Therefore, aggresome formation seems to represent a cellular response to proteasome inhibition.
Interestingly, the proteasome is inhibited in various neurological disorders and upon aging (36, 37) . Furthermore, in vitro experiments showed that the proteasome is inhibited in cells with protein aggregates (38) . Initiation of protein aggregation in various disorders could cause proteasome inhibition, which further promotes protein aggregation, and aging may facilitate this vicious cycle. An intriguing possibility is that proteasome inhibition could trigger a protective aggresome response, which may allow cells to escape the cycle and survive.
An important finding here is that signaling to trigger aggresome formation upon inhibition of proteasome is unrelated to a general cessation of UPS. Indeed, suppression of ubiquitination by an inhibitor of the ubiquitin-activating enzyme E1 did not turn on the synph-GFP aggresome formation. At the same time, this treatment caused strong stabilization of the model UPS substrate UB-GV (Fig. 2C) . On the other hand, the addition of MG132 in the presence of E1 inhibitor activated aggresome formation (Fig. 2D) . These data suggest that there is a special sensor of the proteasome function that signals to activate aggresome formation. This putative sensor could be analogous to a sensor of the proteasome stress in yeast (39) , which is distinct from a sensor of the ubiquitination stress (40) . Another possibility is that aggresome formation is triggered by stabilization of an unstable regulatory polypeptide that is degraded in a proteasome-dependent and ubiquitin-independent manner. This possibility is consistent with the finding that the aggresome response requires protein synthesis but not transcription.
It was previously reported that ubiquitination of synphilin 1 can lead to its aggregation and aggresome formation (4, 21) . This process was associated with formation of K63 ubiquitin chain synthesized by E3 ligase parkin (41) . However, these data were obtained in experiments with overexpression of parkin or other E3 ligases. It is unlikely that ubiquitination by endogenous parkin or other E3 enzymes is critical for triggering aggresome formation by synphilin 1 upon the addition of proteasome inhibitors for two reasons. First, it is unclear how proteasome inhibitors could enhance K63 ubiquitination, which normally does not target proteins for proteasome degradation. Second, MG132 can trigger aggresome formation in cells with inhibited ubiquitin-activating enzyme E1 (Fig.  2D) . In another study it was suggested that aggregation of synphilin 1 is triggered by ubiquitination by an E3 ligase SIAH1 (42, 43) . It seems unlikely that SIAH1-dependent ubiquitination significantly contributes to the aggresome formation in our model, because the SIAH1 binding domain of synphilin 1 is located within the N-terminal segment (43) , which is different from the aggresome domain that we found (Fig. 4A) . As mentioned above, the proteasometriggered event appears to be an activation of a signaling pathway. These findings support a previous report with a model polypeptide 250-GFP that ubiquitination is not critical for aggresome targeting of some substrates (19) .
Interestingly, inhibitors of Hsp90 also could trigger aggresome formation (Fig. 3A) . We suggest that there is a common signaling pathway initiated by inhibition of Hsp90 and proteasome that triggers the aggresome response. A potential link could be through HDAC6, a major factor in aggresome formation (15) . HDAC6 directly interacts with Hsp90 and promotes its deacetylation and inactivation (44) . It is possible that inhibitors of Hsp90 somehow affect function of HDAC6 in the aggresome pathway.
Interestingly, Hsp90 inhibitors induce heat shock proteins and demonstrate strong protection in various models of neurodegenerative diseases (45) . Our data suggest that the protective activity of Hsp90 inhibitors could, in part, be independent of the heat shock response and related to activation of the aggresome response.
An important finding here is that the aggresome targeting requires a special aggresome-targeting signal in the sequence of a substrate polypeptide. In the case of synphilin 1 this signal was shown to be the ANK1 domain (Fig. 4A) . Indeed, deletion of this domain prevented the aggresome targeting, but the remaining polypeptide CC-ANK2-CT still was able to form multiple aggregates (Fig. 4C ). This finding is in line with our prior observation of the presence of an aggresome-targeting sequence in huntingtin. In that study we demonstrated that the N-terminal fragment of huntingtin serves as an aggresome targeting segment and that the proline-rich region of this polypeptide facilitates aggresome targeting in both mammalian cells and yeast. Therefore, it appears that the concept of aggresometargeting signals has a general significance. In other words, protein aggregation is not sufficient for the aggresome targeting, and a special aggresome-targeting signal is required. On the other hand the aggregation property of a protein is also critical, as formation of aggresomes by a polypeptide that has the entire ANK1 signal but lacks the aggregation segment (e.g. NT-ANK1 or ANK1-CC) was very inefficient.
The need for the aggresome-targeting signal is probably reflected in the lack of aggresome formation by certain aggregating polypeptides, e.g. GFAP. Indeed, published data demonstrate that normal or mutant GFAP can form in cells multiple aggregates but not an aggresome (14) . We also never observed an aggresome formation by GFAP either in the absence or in the presence of proteasome inhibitors (not shown). Therefore, it appears that GFAP, although able to aggregate, lacks the aggresome-targeting signal and, therefore, remains in small aggregates.
Importantly, the aggresome-targeting signals are transferable. In other words, such signals can induce the formation of aggresomes while attached to various aggregating polypeptides. In fact, ANK1 signal can be replaced by the aggresome-targeting signal of huntingtin 25QP (Fig. 5D) . Furthermore, ANK1 can provide aggresome targeting of the signal-less fragment of huntingtin 103Q (Fig. 5B) . These data suggest that there must be specific factors responsible for substrate recognition by the aggresome machinery.
